This study examines Kelvin-Helmholtz (KH) waves observed by dual-polarization radar in several precipitating midlatitude cyclones during the Olympic Mountains Experiment (OLYMPEX) field campaign along the windward side of the Olympic Mountains in Washington State and in a strong stationary frontal zone in Iowa during the Iowa Flood Studies (IFloodS) field campaign. While KH waves develop regardless of the presence or absence of mountainous terrain, this study indicates that the large-scale flow can be modified when encountering a mountain range in such a way as to promote development of KH waves on the windward side and to alter their physical structure (i.e., orientation and amplitude). OLYMPEX sampled numerous instances of KH waves in precipitating clouds, and this study examines their effects on microphysical processes above, near, and below the melting layer. The dual-polarization radar data indicate that KH waves above the melting layer promote aggregation. KH waves centered in the melting layer produce the most notable signatures in dual-polarization variables, with the patterns suggesting that the KH waves promote both riming and aggregation. Both above and near the melting layer ice particles show no preferred orientation likely because of tumbling in turbulent air motions. KH waves below the melting layer facilitate the generation of large drops via coalescence and/or vapor deposition, increasing mean drop size and rain rate by only slight amounts in the OLYMPEX storms.
Introduction
Kelvin-Helmholtz (KH) waves are a form of instability that occurs within a statically stable environment that has strong vertical wind shear. Atmospheric manifestation of this instability was first investigated for its role in clear-air turbulence (e.g., Atlas et al. 1970; Browning and Watkins 1970; Dutton and Panofsky 1970; Browning 1971) . Turbulence associated with KH waves has also been suggested to pose an aircraft icing hazard because of its microphysical impact (Pobanz et al. 1994) . KH waves have been observed within midlatitude baroclinic systems in various geographic regions, including off the East Coast of the United States , the North American Great Plains (e.g., Friedrich et al. 2008; Houser and Bluestein 2011) , and mountainous regions in Europe and the United States (e.g., Geerts and Miao 2010; Medina and Houze 2016) . A large proportion of these studies observed KH waves within or near the regions of high baroclinicity associated with fronts (Chapman and Browning 1997; Wakimoto et al. 1992; Friedrich et al. 2008; Houser and Bluestein 2011) .
Studies, including Geerts and Miao (2010) and Houze and Medina (2005) , suggest that mountainous regions are especially conducive to the development of KH waves, since the terrain naturally creates or enhances vertical wind shear in stable flow. KH waves are important because of their transport of heat, momentum, and aerosols (e.g., Browning and Watkins 1970;  Denotes content that is immediately available upon publication as open access. Browning 1971; Shapiro 1980) . Additionally, Houze and Medina (2005) and Houser and Bluestein (2011) found that these waves modify microphysical processes and might even impact the accumulation of precipitation.
Using radar data and in situ aircraft observations, Houze and Medina (2005) showed an example of the upward branch of KH waves increasing supercooled water content and riming above the melting layer when the waves are located near the melting level. Additionally, they provided evidence from aircraft that aggregation is increased by wave-enhanced turbulence. This aggregation in turn further enhances riming and accretion by increasing the size of the collector ice particles. On the basis of these results, Houze and Medina (2005) suggested that KH waves could be an important mechanism responsible for the rapid fallout of precipitation on the windward side of terrain.
Houser and Bluestein (2011) used dual-polarization and dual-Doppler radar analyses of a winter storm in Oklahoma to describe how KH waves impact dualpolarization signatures. Figure 1 is an adaptation of their conceptual model and shows a series of KH waves propagating from left to right. They suggested that KH waves impact the dual-polarization variables most significantly in the upward portion of the waves by altering the microphysical processes acting on the particles and enhancing particle mixing. Specifically, Houser and Bluestein (2011) suggest that riming is induced as the magnitude of the upward motion increases. Additionally, under the right temperature conditions, the icemultiplication process of Hallett and Mossop (1974) could occur along with the riming. Reflectivity and differential reflectivity are shown to increase in the upward branch of the waves to the extent that these processes produce larger particles (green region in Fig. 1 ). The supercooled water required for riming may be produced by condensation from the upward motion itself and/or by the vertical advection of liquid water from below the melting level. Houser and Bluestein (2011) further suggest that wave-induced turbulence in the base of the wave's ridge causes enhanced mixing, which increases particle size and shape diversity. As a result, the average copolar cross-correlation coefficient, which is the correlation of horizontally and vertically polarized radar returns, decreases (orange region in Fig. 1 ; this variable will subsequently be referred to as the cross-correlation coefficient). Note that the reflectivity and differential reflectivity perturbations extend to greater heights than the correlation coefficient perturbations. Finally, they suggested that turbulence resulting from wave breaking leads to an increase in spectrum width at the crest of the wave (blue region in Fig. 1 ).
While both Houze and Medina (2005) and Houser and Bluestein (2011) suggest that KH waves have a discernable impact on microphysical processes, both studies had data limitations that prevented further analysis of finer-scale details of the waves and their impacts, including on surface precipitation. In particular, Houze and Medina (2005) lacked ground observations to support their conclusion that KH waves are an important mechanism in the rapid fallout of hydrometeors on the windward side of high terrain. The radar data used by Houser and Bluestein (2011) were too vertically coarse to fully resolve all the possible finescale dual-polarization anomalies associated with the KH waves. It is also important to note that these previous studies analyzed only KH waves occurring near the melting layer, so it remains unknown whether their conclusions pertain to KH waves centered outside of the melting layer. Additionally, state-of-the-art sub-1-kmresolution numerical simulations can explicitly resolve KH waves (Conrick et al. 2018) , thus requiring highquality observations of the waves and coincident microphysical processes and surface precipitation characteristics to compare with the simulations.
Using radar data and ground observations from the Iowa Flood Studies (IFloodS) and the Olympic Mountains Experiment (OLYMPEX), our study analyzes four KH wave events in precipitating midlatitude cyclones to investigate FIG. 1. Conceptual model of how KH waves relate to the structure of vertical motion (thick arrows), reflectivity (green), differential reflectivity (green), correlation coefficient (orange), and spectrum width (blue) in an RHI scan. Adapted from Houser and Bluestein (2011). 1) how KH waves change microphysical processes above, within, and below the melting layer; 2) whether those microphysical changes are significant enough to influence precipitation accumulations at the surface; 3) how terrain impacts KH waves.
Data and methodology

a. Field campaigns
The data analyzed in this study were collected during two NASA field campaigns that were designed to validate and improve algorithms used by the Global Precipitation Measurement (GPM) satellite (Skofronick-Jackson et al. 2017; Hou et al. 2014) . IFloodS took place in eastern Iowa in May-June 2011, and OLYMPEX took place on the windward side of the Olympic Mountains in Washington State during the 2015/16 winter (Houze et al. 2017) . Both field campaigns used collocated instruments (see map in Fig. 2 ), described below, to describe microphysical processes and their resultant hydrometeor distributions.
b. Instruments and other data sources
1) RADARS
Radars are one of the most important tools used to observe KH waves. Conventional Doppler radars emit a horizontally oriented pulse and receive the returned power scattered from the population of particles contained within the sample volume. The magnitude of the received power is reported as reflectivity Z H . Reflectivity depends on the concentration, dielectric properties, and the sixth power of the diameter of the hydrometeors. The latter implies that Z H is most strongly affected by the largest particles sampled by the pulse. Owing to the Doppler effect, these radars also determine the phase shift of the returned power, which is measured and used to derive the mean radial velocity and the width of the velocity spectrum. Radial velocity V R is the powerweighted average speed at which all targets within the sample volume move toward or away from the radar along the direction of the focused beam. Spectrum width (SW) provides a measure of turbulence and/or shear of the wind component along the beam of the radar.
Dual-polarization Doppler radars emit and receive horizontally and vertically polarized pulses, which allows these radars to determine not only the Z H , V R , and SW, but also several additional variables that describe the size, shape, and orientation of the hydrometeors detected by the radar. Thus, dual-polarization radar data provide insight into the microphysical processes acting on hydrometeors. In this paper we focus on two dual-polarization variables: differential reflectivity Z DR and cross-correlation coefficient r HV . Differential reflectivity is the ratio of the power return from the Bringi and Chandrasekar (2001) . NASA's dual-polarization S-band radar (NPOL) was deployed during IFloodS and OLYMPEX (Petersen and Krajewski 2018; Petersen et al. 2017) . During IFloodS, NPOL was located near Waterloo, Iowa ( Fig. 2a; 42 .58N, 92.38W), and was operated primarily by repeating a sequence of horizontal scans at increasing elevation angles (Petersen and Krajewski 2018) , referred to as plan position indicators (PPIs). During OLYMPEX, NPOL was located near Moclips, Washington ( Fig. 2b ; 47.38N, 124.28W) (Petersen and Krajewski 2018) . Unlike IFloodS, the NPOL operated primarily in range-height indicator (RHI) mode, with scans changing in elevation at constant azimuth. In this scanning mode, radar data are obtained with the finest possible vertical resolution, which is important for inferring details of microphysical processes and wind shear, both of which vary strongly in the vertical. RHI scans were directed toward the ocean and the mountains.
This study also uses data from three other scanning radars deployed during OLYMPEX [see Houze et al. (2017) for details]. The dual-frequency, dual-polarization Doppler radar (D3R) was collocated with NPOL, operating at Ku and Ka bands with the same scanning sequence as NPOL. Only the Ku band is analyzed in this study. The Center for Severe Weather Research (CSWR) deployed one of its X-band National Science Foundation (NSF)-sponsored Doppler on Wheels (DOW) radars near Amanda Park, Washington (47.58N, 123.98W) , in the foothills of the Olympic Mountains. The DOW was at an elevation of 72 m and approximately 45 km northeast of NPOL and D3R. This dual-polarization radar conducted RHI scans up the Quinault Valley and provided data at low levels in the valley below NPOL's beam. The RHI scans conducted by NPOL, D3R, and DOW provide the necessary high-resolution dual-polarization observations of KH waves to address our scientific objectives.
This study uses data from the vertically pointing Micro Rain Radar (MRR) deployed during OLYMPEX. The MRR is a vertically pointing K-band radar that was located at the Fishery site at 47.48N, 124.08W, which is approximately 20 km east of the NPOL and D3R radars, and at an elevation of 52 m. The locations of all of these radars are shown in Fig. 2b . MRRs were also deployed during IFloodS but were not in the region where KH waves were observed.
2) INSTRUMENTS MEASURING CONDITIONS NEAR THE GROUND
In addition to the radars discussed above, an extensive network of ground observations was deployed during OLYMPEX. In this study data from a Particle Size and Velocity-2 (PARSIVEL-2) disdrometer collocated with the MRR at the Fishery site are used to describe surface drop size characteristics beneath the KH waves. A PARSIVEL-2 disdrometer records the size and fall speed of hydrometeors as they fall through a laser beam. The particles are then separated into 32 separate size and velocity bins that are used to characterize the drop size distribution (DSD) of the precipitation in terms of its mass-weighted mean diameter and droplet concentration. This instrument also provides rain rate calculated from the DSD measurements. PARSIVEL-2 data in this study have a time resolution of 30 s. The PARSIVEL-2 data are part of the dataset described in Petersen and Krajewski (2018) . PARSIVEL-2 disdrometers were also deployed during IFloodS but were not situated where the KH waves occurred.
3) RAWINSONDES, SATELLITE DATA, AND NUMERICAL MODEL OUTPUT Rawinsonde data are used during each KH wave event to assess the vertical profile of static stability and vertical wind shear. During IFloodS the nearest rawinsonde station was in Davenport, Iowa, approximately 180 km southeast of the IFloodS NPOL location (University of Wyoming 2013). Despite the spatial separation between the rawinsonde and KH waves, these data are expected to be generally representative of the conditions associated with the KH waves and the impact of this separation is discussed in section 3. During OLYMPEX, rawinsondes were launched from the NPOL site and dropsondes were released over the ocean from the DC-8 aircraft during precipitating events of interest (Petersen and Krajewski 2018) .
Geostationary infrared brightness temperatures from GOES-West and data from the National Centers for Environmental Prediction (NCEP) North American Regional Reanalysis (NARR) are used to describe the large-scale conditions associated with both the IFloodS and OLYMPEX events (Mesinger et al. 2006) . These data are produced by NOAA/OAR/ESRL PSD (2004).
Large-scale conditions in which KH waves occurred
The KH wave events from IFloodS and OLYMPEX analyzed in this study are listed in Table 1 . To the authors' knowledge, KH waves were observed only once during IFloodS, on 2 May 2013. However, the authors' commonly observed KH during OLYMPEX. Three OLYMPEX cases included in this study were chosen because of the duration, data quality, and altitude variability of the observed KH waves.
The synoptic conditions associated with the four KH wave cases analyzed in this study are depicted in Fig. 3 . The soundings launched at NPOL (for OLYMPEX) and at Davenport (for IFloodS) nearest to the time of the KH waves are shown in Fig. 4 . The Richardson number (Ri) is the most commonly used metric to assess whether an environment is conducive to KH waves. It is the ratio of the atmospheric stability to vertical wind shear in a layer. KH waves can develop in an environment with Ri , 0.25 (Miles and Howard 1964) and can be sustained as long as Ri , 1 (Weckwerth and Wakimoto 1992) . The bulk Richardson number over a layer is defined as
where N d is the dry Brunt-Väisälä frequency. A profile of the bulk Ri calculated over 0.25-km intervals during the time of the KH waves is shown in Fig. 5 . During the IFloodS case on 2 May 2013, a meridionally stretched 500-hPa trough was situated east of the Rocky Mountains and an elongated band of clouds was located over Iowa and Minnesota (Fig. 3a) . These clouds coincided with a stationary front that was marked by a sharp thermal gradient and a 1808 wind shift at 925 hPa (Fig. 3b) . Data presented in Figs. 4a and 5a suggest that a strong low-level stable frontal inversion of over 88C and strong directional shear below 1 km resulted in conditions that could support the development and maintenance of KH waves because the Ri was less than 0.25 in multiple layers below 1 km near Davenport. The radar-observed KH waves were located near Waterloo, which is approximately 180 km to the northwest. Given that the frontal boundary sloped westward with height (not shown), the conditions that supported the development of the radar-observed KH waves likely occurred at somewhat higher altitudes. Commercial aircraft observations (not pictured) near Des Moines, Iowa, showed the shear boundary closer to 2 km at the time of the KH waves. These large-scale conditions on 2 May 2013 were similar to the Oklahoma case analyzed by Houser and Bluestein (2011) , which also was a snow event. The National Weather Service noted that this was an unusually strong front (http://www.weather. gov/dmx/maysnow).
On 9 December 2015, during the first OLYMPEX case analyzed in this study, a strong west-southwesterly flow at 500 hPa was impinging on the Washington and Oregon coasts and contained several embedded shortwaves (Figs. 3b,f). One of these shortwaves was associated with a large southwest-northeast-oriented band of clouds passing directly over the Olympic Peninsula at the time of the KH wave observations (Fig. 3b) . The atmosphere had moist neutral stability from the surface to 550 hPa (Fig. 4b ). These conditions are consistent with the frontal system being of the ''atmospheric river'' type (Newell et al. 1992; Newell 1994, 1998; Ralph et al. 2004; Warner et al. 2012) . The KH waves occurred between 4 and 6 km, which is the upper boundary of this moist layer. The drier layers above 6 km were associated with considerably stronger winds from an upper-level jet. The analysis presented in Fig. 5b indicates that multiple layers between 5 and 7 km had Ri values less than 0.25, consistent with the development of KH waves in this layer. However, note that because of the strong winds, the balloon of the 9 December 2015 sounding was carried far downwind and may not be entirely representative of the conditions where the waves were observed.
An amplifying shortwave trough approached the Olympic Peninsula on 12 December 2015 (Fig. 3c) . Associated with this trough was a deep 925-hPa low pressure center positioned off the coast of Vancouver Island (Fig. 3g) and an occluded front extended southward along the coast. The Pacific Northwest was under the broad cloud shield associated with the front (Fig. 3c) . In Fig. 4c it can be seen that the front was associated with a small sheared, stable layer near 925 hPa. This layer contained the observed KH waves, and is shown in Fig. 5c to have Ri values less than one everywhere below 1 km and less than 0.25 between 0.75 and 1 km.
Four soundings from the December 12 case are pictured in Fig. 6 : a prefrontal and frontal dropsonde released over the ocean 150 and 195 km west-southwest of NPOL, respectively, plus a prefrontal and frontal radiosonde launched at NPOL. The dropsondes were chosen from a series of nine dropsondes released during two flight legs flown perpendicular to the frontal boundary. The Ri , 0.25 threshold for KH instability (Fig. 6f) was reached below 1.0 km in the frontal ocean sounding and in both coastal soundings. Thus, the largescale conditions were conducive to KH waves along the coast during the prefrontal and frontal periods and away from the influence of topography offshore during the frontal period. However, KH waves were exclusively observed along the coast during the passage of the front, meaning that the KH waves required an additional increase in shear and/or stability beyond these preexisting favorable conditions. The winds in the lowest 0.5 km near the coast (Figs. 6b,c) were modified by topography, as they have both reduced velocity and an increased easterly component compared to the offshore dropsondes. The increase in low-level temperature ( Fig. 6a ) associated with the approaching front was also suppressed near the coast, resulting in a significant increase in static stability below 0.5 km compared to the frontal offshore sounding. The increased low-level shear and stability near land (Figs. 6d,e) may have resulted from a combination of surface friction and/or blocking of the larger-scale southerly flow (Fig. 3g) by the Olympic Mountains barrier. Thus, we suggest that the development of KH waves in this event was facilitated by the topography. Conrick et al. (2018) found that removing the Olympic Mountains topography prevented KH waves from forming in this case, further supporting the idea that the low-level shear and stability associated with the occluded front were enhanced by the mountains. The Olympic Peninsula was beneath the expansive cloud shield of another occluded front on 17 December 2015 (Fig. 3d) . However, unlike 12 December 2015, this occluded front was associated with a deep, closed low pressure center in the Gulf of Alaska at 608N, 1508W. Additionally, the 17 December 2015 occluded front was more well defined, since it had a stronger 925 hPa trough (Figs. 3d,h ) and a deeper stable layer (Figs. 4c,d ). While the winds veered with height from southeasterly to westerly across the stable layer on 17 December 2015, the wind speeds did not vary significantly with height. This strong directional vertical wind shear resulted in the Ri dropping below 0.25 below 1 km (Fig. 5d ), which coincides with the central axis of the KH waves on this day.
Comparing the synoptic conditions for these events provides insights into the large-scale environments that support KH waves and how their development may be impacted by mountainous terrain. On 2 May 2013, 12 December 2015, and 17 December 2015, KH waves occurred in association with a near-surface, stable frontal layer, but these KH waves were not unique to one type of front. The presence of KH waves in various types of fronts has also been found by Chapman and Browning (1997) , Wakimoto et al. (1992) , Friedrich et al. (2008) , and Houser and Bluestein (2011) . The analysis presented in Fig. 7 AUGUST 2018 B A R N E S E T A L .
waves to develop more easily Medina et al. 2005 Medina et al. , 2007 . The 9 December case was unique, since the KH waves were not directly associated with a frontal zone but instead formed in the warm sector of a midlatitude cyclone. The KH waves in this case formed along the upper boundary of the deep moist layer, where stability abruptly increased and strong vertical wind shear existed. 
KH waves as seen in PPI scans
Houser and Bluestein (2011) and Medina and Houze (2016) have demonstrated that KH waves can be observed in PPI data as oscillatory patterns in V R , Z H , SW, Z DR , and r HV . The 3.58-elevation PPI scan from NPOL at 1251 UTC 2 May 2013 over Iowa is shown in Figs. 8a-d . Oscillatory patterns are evident in V R , Z DR , SW, and r HV at 42.38N, 92.88W. Similar patterns were observed in the 5.48 and 7.48 PPI scans, suggesting that the waves were centered at approximately 2 km above the surface. Images of the NPOL data extending to farther range (not shown) reveal that these waves were located within the brightband layer (the layer of enhanced Z H associated with melting ice particles). Figure 4a indicates that the 08C level was near 3 km in Davenport. However, the melting layer is likely lower at the NPOL site, which was in the colder air behind the stationary front (Figs. 3a, (Figs. 8f,g ). While the V R oscillations on 17 December 2015 (Fig. 8f) do not have the classic oscillatory patterns discussed in Houser and Bluestein (2011) and seen in the IFloodS case discussed above, alternating bands of high and low V R are clear. The oscillations associated with the KH waves are most apparent in SW (Fig. 8g) . Similar oscillations were also observed in the 1.58-elevation scan for nearly 6 h. Figure 4d shows the KH waves were located at 1-km altitude, which was approximately 1 km below the melting level.
KH waves existed both over land (right of diagonal line) and over the ocean (left of diagonal line), and there is evidence that the steep topography impacted the orientation of KH waves. The orientation of the crests of the waves is different over the ocean than over the rising terrain on the windward side of the mountains (most clearly seen in Fig. 8g ). Houze and Medina (2005) suggests the terrain-induced vertical wind shear may modify the orientation of the KH waves by changing the wind shear vector direction. Thus, the Olympic Mountains may be impacting the orientation waves on 17 December 2015 by deflecting the low-level flow to a more easterly direction than is present over ocean.
Even though the KH waves were characterized by distinct oscillations in V R and SW, an analysis of Fig. 8 suggests that these waves do not always create perturbations in the dual-polarization variables. A close inspection of Fig. 8e within 15 km of the radar indicates that a few weak bands of increased Z H were observed with the waves. However, r HV is unperturbed by the waves (Fig. 8h) , likely because it measures the diversity of the hydrometeor types within a radar sample volume, and these waves occurred below the melting level and likely contained only raindrops. The next section uses RHI radar data and ground observations to further explore the degree to which the KH waves impacted microphysical processes and precipitation accumulations.
Microphysical impact of KH waves
The high-resolution RHI scans from NPOL, DOW, and D3R obtained during OLYMPEX allowed this study to assess how KH waves impact microphysical processes above, within, and below the melting layer, both upstream of and over the terrain. Additionally, ground observations were able to document oscillations in drop size, rain rate, and fall speed for one of the OLYMPEX KH events examined here. Together, these radar and ground data allow us to verify the conceptual model proposed by Houser and Bluestein (2011) and to explore whether these waves significantly impact precipitation accumulations.
a. RHI scans when KH waves are above the melting layer
Petre and Verlinde (2004), Browning et al. (2012) , and Medina and Houze (2015) show that the KH waves can be identified as ''breaking wave'' and ''braided''' structures in SW. An RHI scan at a 568 azimuth angle directed toward the land from D3R's Ku band is shown in Fig. 9 . A breaking wave structure is evident in Fig. 9c , where thin filaments of high SW slope upward from left to right between altitudes of 4 and 6 km. Within each vertical column, SW was highest along the central axis of the wave. The black dots in Fig. 9 mark these locations of column maximum SW and thus trace the central location of the wave.
The analysis presented in Fig. 9b shows that the winds had a component directed away from the radar throughout the low to midtroposphere but that their magnitude increased by nearly 20 m s 21 between altitudes of 2 and 6 km. These V R values are consistent with rawinsonde data presented in Fig. 4b , since the RHI shown is oriented nearly parallel to the wind. The V R data in Fig. 9b also indicate that V R maximized in excess of 40 m s 21 in a thin band just above the crest of the waves. Simpson (1969) and Wakimoto et al. (1992) also found that V R maximizes just above the crest of KH waves. The microphysical impacts of KH waves are inferred using dual-polarization variables. The most striking feature in Fig. 9 is the bright band, which is a relatively narrow region of reduced r HV , enhanced Z H , and enhanced Z DR located at an altitude of 1.5 km. These dual-polarization signatures are associated with melting particles (e.g., Zrnić et al. 1993; Straka et al. 2000; Brandes and Ikeda 2004; Andrić et al. 2013 ). While the highest Z H values are associated with the bright band, it is shown in Fig. 9a that Z H was being enhanced by approximately 5 dBZ approximately 5-10 km away from the radar at altitudes between 3 and 5 km. Differential reflectivity appeared to have been slightly reduced immediately below the SW filaments. While both variables are subject to attenuation, this pattern of enhanced Z H and reduced Z DR provides insight into the microphysical processes induced by the KH waves.
The top of the KH perturbations reached approximately 5 km where the temperature was nearly 2208C (Fig. 4b) , which is the coldest temperature allowing aggregation (e.g., Hobbs et al. 1974) . Thus, the waves were perturbing particles warmer than 2208C and aggregation was likely to occur. Riming would have been unlikely because the environment above the KH waves is relatively dry (Fig. 4b) . Therefore, the high Z H in the filaments indicates that the particles were larger as a result of aggregation, not watercoated or rimed hydrometeors. The lower Z DR below the filaments was likely the result of turbulent motions disorienting the aggregates and other platelike particles so that they were falling without a preferred orientation (e.g., Bringi and Chandrasekar 2001) . This inference is consistent with the absence of a reduction in r HV (Fig. 9e) . Below the bright band, the analysis presented in Figs. 9a and 9d shows that Z H and Z DR , respectively, increased about 5 and 10 km away from the radar. This dual-polarization pattern indicates that larger raindrops were located in these regions (e.g., Straka et al. 2000; Kumjian and Ryzhkov 2012) . While these regions of enhancement appear to have had the same period as the waves aloft, we cannot determine from the available data whether they were the result of the melting and fallout of wave-aggregated ice. We note, however, that Z H associated with the second filament from the left connects to the region of increased Z H above the bright band in Fig. 9a . The upward right-to-left tilt of this reflectivity filament resulted from the stronger vertical wind shear advecting hydrometeors aloft faster than hydrometeors near the surface.
b. RHI scans when KH waves are within the melting layer
The DOW radar observed one of the most prominent KH wave events during OLYMPEX on 12 December 2015. A representative cross section at an azimuthal angle of 548 through these waves is shown in Fig. 10 at 2110 UTC. The format of Fig. 10c is the same as Fig. 9 . The bright band, identified by its reduced r HV , enhanced Z DR , and enhanced Z H , is seen in Fig. 10 to be approximately 0.5-1 km above the radar (e.g., Zrnić et al. 1993; Straka et al. 2000; Brandes and Ikeda 2004; Andrić et al. 2013) . The black dots trace out the central access of the waves and demonstrate that the base of the KH waves coincided with the top of the bright band/melting layer.
The data presented in Fig. 10b indicate that winds aloft were away from the radar and that winds near the surface were toward the radar, which implies clockwise circulation in the plane of the cross section. One of the upward branches of these circulations was approximately 6 km away from the radar. While Z H data presented in Fig. 10a show that Z H was enhanced throughout the wave, two local maxima in reflectivity were observed approximately 6 and 11 km away from the radar at 1.5 km in altitude. These reflectivity maxima occurred within the upward branch of the waves and the reflectivity maxima located 11 km from the radar was clearly distinct from the bright band. The analysis presented in Fig. 10e indicates that the trough and a portion of the upward branch of the wave was characterized by reduced r HV up to nearly 1.5 km above the radar. Above 1.5 km the r HV perturbation disappeared. Figure 10d shows enhanced Z DR in the trough and upward branch up to 1.5 km-an enhancement observed despite potential differential attenuation remaining in these data. A similar pattern was observed 10 km away from the radar.
The dual-polarization perturbations associated with these waves likely resulted from a combination of wave-induced advection and wave-induced microphysical modification. The turbulent mixing induced by the waves likely accounted for some of the r HV , Z DR , and Z H perturbations, especially within the trough of waves (e.g., Zrnić et al. 1993; Zrnić and Ryzhkov 1999) . However, the waves could have had a direct microphysical impact on the hydrometeors. Riming causes similar r HV, Z DR, and Z H perturbations, and it could have occurred when preexisting ice particles encountered supercooled water that was generated by the KH waves and/or advected liquid water vertically by the KH waves above the 08C level (e.g., Aydin and Seliga 1984; Straka et al. 2000) . Given that r HV abruptly increased above 1.5 km, it is likely that riming occurred only below 1.5 km. This idea is consistent with the local maximum in Z H occurring at 1.5 km. Aggregation causes an increase in Z H and a decrease in Z DR (Bader et al. 1987; Straka et al. 2000; Andrić et al. 2013) , and turbulence associated with the KH wave could have also enhanced this process. While the dualpolarization signature of aggregation at low altitudes could have been masked by the stronger signature associated with riming, the arches of enhanced Z H above 1.5 km with relative enhancements in Z DR indicate that larger particles were present throughout the wave.
The 12 December 2015 case was similar to the Houser and Bluestein (2011) event, as both were located near a bright band, had similar dual-polarization perturbations, and suggested that KH waves induce riming. Both cases were characterized by enhanced Z H and Z DR and reduced r HV in the upward branch of the waves. The 12 December 2015 case differed from the Houser and Bluestein (2011) case in that enhanced Z H was observed throughout the wave and the regions of reduced r HV were more expansive. Additionally, SW in Fig. 10c was enhanced along the entire central axis of the wave, not only downwind of the crest of the waves as suggested by Houser and Bluestein (2011) . Thus, our results suggest that the microphysical impact of KH waves is slightly larger than is suggested by Houser and Bluestein (2011) . We expect that these differences exist because the data used by Houser and Bluestein (2011) had a coarser vertical resolution and could not resolve these finescale details.
c. RHI scans when KH waves are below the melting layer A layer of strong vertical wind shear between 0.5 and 1.5 km above the surface at 1320 UTC 17 December 2015 at azimuth 2548 is seen in Figs. 11b and 11c . This shear fostered KH waves for several hours (Table 1) . We chose this RHI because it provides evidence of the microphysical impact of the KH waves on warm-rain processes. The bright band was clearly identifiable between altitudes 2 and 2.5 km in Figs. 11a, 11d , and 11e as enhanced Z H , enhanced Z DR , and reduced r HV .
The SW cross section (Fig. 11c) indicates that the waves extended from the surface to ;1.5 km, which was well below the bright band. However, the analysis presented in Figs. 11d and 11e shows a slightly wavy pattern of Z DR and r HV within the bright band itself, especially within 5 km of the radar. Additionally, small pockets of enhanced Z H existed in the bright band just above and downstream of the wave crests (Fig. 11a) . These waves in the bright band suggest that momentum transfer by the KH waves was being felt at relatively far distances from the layer containing the most active portions of the waves. This conclusion is further supported by the analysis presented in Fig. 11b , which shows that V R perturbations associated with the wave existed up to 3 km above the ground. Previous studies, including Luce et al. (2008) , have also observed oscillations in regions that are relatively far from the KH waves.
Four waves, each characterized by slightly enhanced Z H within and beneath the upward branches of the central axis of the waves and slightly reduced Z H within their downward branches at altitudes below 1.5 km are shown in Fig. 11a . This oscillating pattern was also seen in the Z DR data (Fig. 11d ). Regions of increased Z H and Z DR are associated with larger raindrops.
There are several microphysical processes that could account for an increase in the size of raindrops beneath the crest of the waves. First, the waviness in the bright band suggests that liquid water might have been fluxed above the freezing level and, as discussed in section 5b, fostered riming. Being larger and/or denser, such rimed FIG. 10 . As in Fig. 9 , but for an RHI scan from the DOW radar at an azimuthal angle of 548 at 2110 UTC 12 Dec 2015. The black dots show the location of the maximum spectrum width in each vertical column.
ice particles could create larger drops as they melted below the 08C level. If the enhanced Z H below the waves was primarily attributable to the melting rimed particles, one would expect to see enhanced Z H extend continuously downward from the bright band. However, there was a Z H minimum just below the bright band. Thus, rimed particles were likely not the primary cause of the perturbations observed below 1.5 km. The rawinsonde data presented in Fig. 4d indicate that the atmosphere was nearly saturated below 5 km. Thus, the wave-induced upward motion likely produced additional increased vapor deposition on the preexisting raindrops. Additionally, the analysis in Figs. 11a and 11d shows that Z H and Z DR were FIG. 11 . As in Fig. 9 , but for an RHI scan from the NPOL during OLYMPEX at an azimuthal angle of 2548 at 1320 UTC 17 Dec 2015. The black dots show the location of the maximum spectrum width in each vertical column. Note that the x coordinate origin is on the right side of each panel. The x axis was flipped so that the orientation of the waves is consistent throughout the paper. enhanced beneath the waves, which suggests that hydrometeors increased in size as they fell (e.g., Straka et al. 2000; Kumjian and Ryzhkov 2012) . These large nearsurface particles could have been created by increased coalescence fostered by wave-induced turbulence (e.g., Kumjian and Prat 2014) . Both vapor deposition and coalescence would have created larger drops (.2-mm diameter), especially coalescence. The modest upward motion associated with the KH waves would not keep such relatively large drops from falling, and their fallout would account for the increased Z H and Z DR below the central axis of the waves.
While the analysis presented in Fig. 11 clearly shows that the KH waves were associated with oscillations in the dual-polarization data, the magnitude of these oscillations in the radar data was small (e.g., ;10 dB in reflectivity). To investigate if these KH waves below the melting level modified, surface precipitation disdrometer and vertically pointing radar data are explored in the next section.
d. Ground observations when KH waves are below melting layer
Ground observations on 17 December 2015 provide evidence that the KH waves below the melting level slightly modified the characteristics of the raindrops, although not enough to significantly change accumulated precipitation at the surface below the waves. To the authors' knowledge, this is the first time such KH oscillations have been documented in ground observations of the particle drop size distribution. Several instruments, including an MMR and a PARSIVEL-2, were located at the Fishery site, 20 km northeast of NPOL. The Z H and vertical velocity data obtained between 1550 and 1810 UTC 17 December 2015 by the vertically pointing MRR are shown in Fig. 12 . Downward vertical motion in excess of 7 m s 21 is outlined by a black contour in both panels. A time series of the MRR particle mean fall speed and Z H at 500-m elevation are shown in Fig. 13a for the same period on 17 December 2015 as Fig. 12 . An oscillating pattern is evident in the vertical velocity data. Close inspection of Figs. 12b and 13a reveals a slight enhancement in Z H (;5 dBZ) immediately following the peak downward vertical motion. This lag of several minutes between the enhanced Z H and the peak downward velocity suggests that larger drops formed within the upward branch of the waves and fell out shortly after the peak upward motion. PARSIVEL-2 observations of rain rate for the same time period is shown in Fig. 13b and the mass-weighted mean drop diameter D m is shown in Fig. 13c . While there was a large amount of high-frequency variability, especially prior to 1610 UTC and after 1710 UTC, four coherent peaks in rain rate occurred between 1610 and 1700 UTC (at 1625 (at , 1635 (at , 1643 (at , and 1653 . Peaks in D m occurred at roughly the same times. The last two perturbations (at 1643 and 1653 UTC) are the most distinct, and a comparison with Fig. 13b indicates that they are collocated with the rain-rate peaks. The largest drops D max observed in these four peaks were approximately 2.3-2.8 mm in diameter. This increase in D m is direct evidence that these waves are creating larger drops, possibly as a result of increased vapor deposition and/or turbulence-induced coalescence. However, the amplitude of these anomalies is small, less than 0.5 mm. A comparison of Figs. 13a and 13b indicates that the rain rate is maximized 3-5 min after the fall speed maximum, consistent with Figs. 11 and 12. A power spectrum analysis of exactly 1 h of the PARSIVEL-2 rain-rate data between 1605 and 1705 UTC is shown in Fig. 14 . The rain-rate anomaly (with the mean removed) in Fig. 14a appears to have five periodic spikes. The analysis presented in Fig. 14b shows that the spectral power is concentrated in the sixth harmonic, corresponding to a wave frequency of 6 h
21
. The portion of the rain-rate anomaly associated with the sixth harmonic is shown in Fig. 14c . The peaks of the periodic signal in Fig. 14c align with the peaks in Fig. 14a , indicating that the KH waves are responsible for the periodic signal. The power spectrum analysis indicates that the waves at this time had a 10-min frequency and are responsible for a 0.3 mm h 21 rain-rate perturbation, which is rather small considering the impressive velocity perturbations and supports our previous conclusion that the KH waves had only a minor microphysical impact on warmrain processes on 17 December 2017. The analysis presented in Fig. 13d shows no coherent oscillations in droplet concentration on the time scale of the KH waves. The data described here indicate that precipitation process variability had a variety of time scales during the event of 17 December 2015, with KH waves being just one component of the variability. From the NPOL, MRR, and PARSIVEL-2 data, it is apparent that upward motion within KH waves altered the microphysical processes by creating larger drops as a result of enhanced depositional growth and/or increased turbulence-induced coalescence. However, the amplitudes of the wave-induced perturbations are small, and the KH waves did not have a significant impact on accumulated precipitation or drop concentration. 
Impact of topography
An NPOL RHI over land at 1532 UTC 17 December 2015 (Fig. 15 ) reveals KH waves encountering the foothills of the Olympic Mountains. Figures 11 and 15 show data from RHI scans within 20 min of each other. However, the KH waves were located over the ocean in Fig. 11 and they are located over the foothills in Fig. 15 . The black dots depict the central axis of the waves, and the white regions along the bottom of each panel show the topography of the mountains.
The data presented in Fig. 15 suggest that upwardsloping terrain can impact the amplitude of KH waves. Approximately 30 km away from NPOL the amplitude of the KH waves abruptly and rapidly increases (rapid jump in black dots). This amplitude jump coincides with the leading edge of the high terrain and may have occurred because the terrain increased the vertical wind shear, which would have decreased Ri and allowed the amplitude of the wave to increase Medina et al. 2005) . Additionally, the terrain itself could have forced additional upward motion in the KH wave. Future studies will be necessary in order to determine the exact cause of this rapid increase in the wave amplitude along the leading edge of the terrain.
Conclusions
We have analyzed four KH wave events embedded within precipitating extratropical cyclones to assess the microphysical impact of KH waves on precipitation processes and to investigate how mountains impact KH waves. By comparing one inland KH wave event over the Midwest (during IFloodS) with three KH wave events near the mountainous Washington coast (during OLYMPEX) this study demonstrates the following: 1) KH waves occur within the precipitating clouds of midlatitude cyclones regardless of the presence or absence of mountains. KH waves can occur at any altitude that has high static stability and strong vertical wind shear. These results are consistent with previous studies (e.g., Chapman and Browning 1997; Wakimoto et al. 1992; Friedrich et al. 2008; Houser and Bluestein 2011; Houze 2015, 2016) . 2) KH waves can modify both the liquid-and ice-phase microphysics as revealed in dual-polarization radar variables. While KH waves have a microphysical impact on hydrometeors at all altitudes, their effects vary depending on the position of the KH waves relative to the melting level (Fig. 16 ). 3) Dual-polarization radar variables suggests that turbulence associated with the KH waves enhances aggregation in the upward branch of the KH wave everywhere above the bright band and enhances riming near the bright band. 4) OLYMPEX documented one case in which KH waves occurred below the bright band and produced oscillatory behavior in the particle fall velocity, surface rain rate, and mass-weighted mean drop diameter. Dualpolarization radar variables indicate that these changes to the hydrometeor characteristics are related to enhanced coalescence and/or vapor deposition within the upward branch of KH waves. To the authors' knowledge this is the first time oscillatory behavior associated with KH waves has been documented in ground observations of the particle size distribution. 5) Complex terrain can make conditions more favorable to KH wave development by increasing shear and stability within baroclinic zones approaching a mountain range. Upward-sloping terrain may also impact the structure of the KH waves by increasing their amplitude.
These results advance our understanding of the microphysical impact of KH waves by analyzing highresolution vertical data that capture smaller-scale features of the KH waves and by exploring cases where KH waves occur above and below the melting level. As summarized in Fig. 16 , when located above the bright band, the upward branch of KH waves are characterized by slight increases in Z H and decreases in Z DR , indicating that the waves contain aggregates that are randomly oriented within the turbulent air motions. Waves within the bright band are also characterized by enhanced Z H , implying larger particles that are either rimed or randomly oriented melting aggregates. The reduced r HV in the suggests that the upward branch of waves within the bright band could support riming by transporting liquid water above the melting level or through the local generation of supercooled liquid water in the saturated air. These results are consistent with Houze and Medina (2005) and Houser and Bluestein (2011) in terms of the possible microphysical impact of KH waves near the melting level in midlatitude precipitating systems. In the case where the waves are located below the melting level, enhanced Z H and Z DR observed below the upward portions of the waves indicate the fallout of large water drops that likely resulted from increased vapor deposition or coalescence in the upward branch.
A significant question is whether KH waves impact surface precipitation accumulations. This study is uniquely able to explore this question because the KH waves observed during the 17 December 2015 OLYMPEX event occurred over several ground instruments, including an MRR and a PARSIVEL-2 disdrometer. To the authors' knowledge this is the first study to clearly document the presence of KH waves in ground observations. While oscillations in drop size and rain rate were observed at the surface, the KH waves appeared to enhance precipitation accumulations only slightly. KH waves centered in shear layers at or above the melting level could produce effects on downstream snow accumulation over the higher terrain (e.g., Houze and Medina 2005) , but the data available to this study do not easily allow for this possibility to be explored.
Additionally, the question remains as to how the mountainous topography impacts the formation and structure of KH waves. Previous studies hypothesized that the upward-sloping terrain of a mountain range can modify atmospheric conditions so that they are more favorable to KH wave development by enhancing shear and stability layers associated with frontal boundaries (Medina and Houze 2015; Medina et al. 2005) . Results from this study seem to support this theory. KH waves were observed relatively frequently during OLYMPEX under moderately (i.e., not strongly) stable large-scale conditions, including at least a half dozen additional instances not detailed in this manuscript. KH waves during some of these OLYMPEX events were observed for several hours. On the other hand, the KH waves during IFloodS were observed briefly within an anomalously strong stationary front (Fig. 4) , similar to large-scale conditions associated with the KH waves in the Houser and Bluestein (2011) Oklahoma study. The OLYMPEX data also indicated that the amplitude of the waves and possibly the strength of their associated microphysical effects can rapidly increase near the forward slopes of the terrain. Additional observational studies and numerical simulations (e.g., Conrick et al. 2018) 
